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Lysophosphatidic acid (LPA) is an important bioactive lipid species that functions in intracellular signaling through six characterized G protein-coupled receptors (LPA1-6). Among these receptors, LPA1 is a strong candidate to mediate the central effects of LPA on emotion and may be involved in promoting normal emotional behaviors. Alterations in this receptor may induce vulnerability to stress and predispose an individual to a psychopathological disease. In fact, mice lacking the LPA1 receptor exhibit emotional dysregulation and cognitive alterations in hippocampus-dependent tasks. Moreover, the loss of this receptor results in a phenotype of low resilience with dysfunctional coping in response to stress and induces anxiety and several behavioral and neurobiological changes that are strongly correlated with mood disorders. In fact, our group proposes that maLPA1-null mice represent an animal model of anxious depression. However, despite the key role of the LPA-LPA1-pathway in emotion and stress coping behaviors, the available information describing the mechanisms by which the LPA-LPA1-pathway regulates emotion is currently insufficient. Because activation of LPA1 requires LPA, here, we used a Matrix-Assisted Laser Desorption/ Ionization mass spectrometry-based approach to evaluate the effects of an LPA1 receptor deficiency on the hippocampal levels of LPA species. Additionally, the impact of stress on the LPA profile was also examined in both wild-type (WT) and the Malaga variant of LPA1-null mice (maLPA1-null mice). Mice lacking LPA1 did not exhibit gross perturbations in the hippocampal LPA species, but the LPA profile was modified, showing an altered relative abundance of 18:0 LPA. Regardless of the genotype, restraint stress produced profound changes in all LPA species examined, revealing that hippocampal LPA species are a key target of stress. Finally, the relationship between the hippocampal levels of LPA species and performance in the elevated plus maze was established. To our knowledge, this study is the first to detect, identify and profile LPA species in the hippocampus of both LPA1-receptor null mice and WT mice at baseline and after acute stress, as well as to link these LPA species with anxiety-like behaviors. In conclusion, the hippocampal LPA species are a key target of stress and may be involved in psychopathological conditions.
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INTRODUCTION

During the past few decades, studies of factors involved in regulating behavior have rarely focused on the role of lipids. However, the study of lipids has received increasing attention, since lipid deregulation is involved in the pathogenesis of nervous system diseases. The lack of studies focusing on lipids is probably due to the scarcity of pertinent tools and the difficulty in analyzing the lipid composition of brain tissue (Bou Khalil et al., 2010). Advances in lipidomics technology have enabled the precise detection, identification and profiling of lipid species in blood and tissues (Rappley et al., 2009) and have allowed researchers to identify how the lipid composition may influence in behavior (reviewed in Miranda et al., 2019), particularly emotional behavior and stress regulation. However, only very few studies have focused on the effects of both acute and chronic stress on the lipid composition or the involvement of lipids in the mechanism regulating mood. According to a systematic study, the metabolism of sphingolipids and phospholipids is significantly altered by stress or exogenous corticosterone administration in several key regions controlling emotion, such as the prefrontal cortex and hippocampus (Oliveira et al., 2016). Alternatively, chronic unpredictable stress exposure induces changes in relative cellular levels of both signaling and structural lipids in the brain, including increased phosphatidylcholine (PC) and phosphatidylethanolamine (PE) contents and decreased phosphatidylinositol (PI), phosphatidic acid (PA) and cardiolipin (CL) contents (Faria et al., 2015). Several lines of evidence implicate changes in lipid metabolism in depression (DeMar et al., 2006; Müller et al., 2015; Ong et al., 2016). Additionally, changes in lipid levels have been identified in patients with major depressive disorder (Lin et al., 2010). In fact, a phospholipid hypothesis of depression has been proposed (Horrobin and Bennett, 1999), and lipids are one target of antidepressant treatments (Lee et al., 2009).

Among lipids, recent data reveal lysophophatidic acid (LPA) as an important lipid signaling molecule that controls behavior (Santin et al., 2009; Castilla-Ortega et al., 2010, 2014, 2016; Orio et al., 2013; Pedraza et al., 2014; Mirendil et al., 2015; Yamada et al., 2015; Moreno-Fernández et al., 2018a; Ladrón de Guevara-Miranda et al., 2019; Sánchez-Marín et al., 2018). LPA is an endogenous, simple, bioactive phospholipid with several biological functions (Yung et al., 2014). LPA species include both saturated fatty acids [palmitic acid (16:0) and stearic acid (18:0)] and unsaturated fatty acids [oleic (18:1), linoleic (18:2) and arachidonic acids (20:4)] (Sano et al., 2002; Sugiura et al., 2002) with different biological activities (Hayashi et al., 2001; Yoshida et al., 2003; Aikawa et al., 2015), suggesting that multiple synthetic pathways participate in LPA production. Thus, because saturated and unsaturated fatty acids predominantly bind to the sn-1 and sn-2 positions, respectively, phospholipase A1 (PLA1) and phospholipase A2 (PLA2) are involved in the production of different LPA species. Moreover, the levels of autotaxin (ATX), an enzyme with lysophospholipase D (LysoPLD) activity, strongly correlate with LPA concentrations (Watanabe et al., 2007; Nakamura et al., 2008), and its depletion in serum and plasma abolishes the LPA production. Thus, a reasonable hypothesis is that this enzyme is responsible for producing LPA (Tabuchi, 2015). LPA species exhibit different biological activities by signaling through different LPA receptors. Six G protein-coupled receptors, LPA1-6, have been identified as mediating LPA signaling (Choi et al., 2010; Kihara et al., 2015), although two additional receptors (GPR87 and P2Y10) have recently been identified (Tabata et al., 2007; Oka et al., 2010).

Although the participation of the LPA receptors, particularly the LPA2 (Trimbuch et al., 2009; Schneider et al., 2018), LPA3 (Uchida et al., 2014; Ueda et al., 2018) and LPA5 receptors (Callaerts-Vegh et al., 2012; Tsukahara et al., 2018) on behavior regulation may not be ruled out, in the brain, LPA appears to function as a regulatory molecule that mainly signals through the LPA1 receptor (Choi et al., 2010; Chun et al., 2013). The brain distribution of the LPA1 receptor in emotion-processing regions and the use of LPA1 receptor null mice, which provide essential information on the putative function of the LPA in the brain, have revealed a role for the LPA-LPA1-receptor pathway in regulating the neurobiological variables involved in affective states (Santin et al., 2009; Castilla-Ortega et al., 2011; Pedraza et al., 2014; Moreno-Fernández et al., 2017, 2018a, b). In fact, animals lacking the LPA1 receptor exhibit emotional dysregulation, impaired extinction of aversive memories (Pedraza et al., 2014), an anxious phenotype (Santin et al., 2009; Castilla-Ortega et al., 2010; Moreno-Fernández et al., 2017, 2018a), cognitive alterations in hippocampus-dependent tasks (Santin et al., 2009; Castilla-Ortega et al., 2010, 2011) and dysfunctional coping in response to chronic stress (Castilla-Ortega et al., 2011). Thus, recent evidence suggests a role for the LPA1 receptor in regulating the effects of stress on the hippocampus, and the lack of LPA1 signaling confers vulnerability to chronic stress, which precipitates hippocampal pathology (Castilla-Ortega et al., 2011; García-Fernández et al., 2012) and exacerbates the stress-induced neuroplastic changes, such as reduced adult neurogenesis, increased apoptosis (Castilla-Ortega et al., 2011) and enhanced oxidative stress (García-Fernández et al., 2012). Data from both genetic and pharmacological approaches are convergent and provide evidence supporting the hypothesis that the LPA1 receptor plays an essential role in regulating emotions and mood. The inactivation of this receptor induces depression-like behaviors with an agitation component and is linked to functional changes in key brain regions involved in the stress response and emotional regulation (Pedraza et al., 2014; Moreno-Fernández et al., 2017, 2018a,b).

Ongoing studies are beginning to reveal mechanisms by which the LPA1 receptor regulates emotion and the stress response. However, much less is known about the changes in LPA species and their involvement in regulating emotion. Here, we used a MALDI-TOF mass spectrometry-based approach to evaluate the impact of an LPA1 receptor deficiency on the hippocampal levels of specific LPA species (LPA 16:0, LPA 18:0, LPA 18:1, and LPA 18:2). Additionally, the effect of stress (induced by restraint or the exposition to a moderate acute stress model, the elevated plus maze (EPM)), on the LPA profiles of both wild-type and maLPA1-null mice and their relationship with behavioral performance were examined. Finally, because corticosterone (CORT) is one of the principal mediators of the impact of stress on the brain and behavior, the blood levels of this hormone were measured.

MATERIALS AND METHODS

Animals

In this study, 36 male mice aged 3 months (15 wild-type mice and 21 mice lacking the LPA1 receptor (maLPA1-null mice; the Malaga variant of LPA1-null mice) were used. The litter number was 14 and the average litter size was 7 (ranged between 4 and 9). All experiments were performed using mice with a mixed C57BL/6 × 129X1/SvJ background. Trials were conducted on age-matched male wild-type and maLPA1-null homozygous littermates that were approximately 3 months old. The maLPA1-null mouse (termed maLPA1-Málaga variant of the LPA1 null-mouse, was spontaneously derived during the original colony (Contos et al., 2000) expansion by crossing heterozygous foundational parents (maintained in the original hybrid C57BL/6J6 × 1291/SvJ background). MaLPA1-null mice arising from the colony Malaga variant of LPA1-null mice were developed in our laboratory and have been described in previous studies (Matas-Rico et al., 2008; Estivill-Torrus et al., 2008). Animals were collectively housed in same-genotype groups and same-experimental groups (Animal Resource Center at the University of Malaga) in a room with a temperature of 21 ± 2°C and 55 ± 5% relative humidity with a 12 h light/dark cycle and had free access to a standard laboratory diet and tap water. The animals were distributed randomly into a control group (N = 5 wild-type; N = 5 maLPA1-null mice); animals that performed the elevated plus maze (EPM) (N = 5 wild-type; N = 8 maLPA1-null mice) and a stress group subjected to restraint stress for 1 h (N = 5 wild-type; N = 8 maLPA1-null mice) (Figure 1: Experimental procedure).
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FIGURE 1. Experimental procedure. Effects of the three environmental conditions (control, stress induced by EPM or restraint stress) on hippocampal LPA levels in both WT and maLPA1-null mice.



Procedures were approved by the Ethics Committee of Malaga University (CEUMA 2013-0008-A/CEUMA: 1-2015- A, 08-7- 15-273) and Junta of Andalucia (08-7-15-273) and were performed in compliance with European animal research laws [European Communities Council Directives 2010/63/UE, 90/219/CEE, Regulation (EC) No. 1946/2003] and Spanish National and Regional Guidelines for Animal Experimentation and Use of Genetically Modified Organisms (Real Decreto 53/2013, Ley 32/2007, and Ley 9/2003, Real Decreto 178/2004, and Decreto 320/2010).

Stress Procedure

Behavioral Test

The elevated plus maze (EPM), a moderate acute stress model and widely used behavioral test for rodents, was employed (Carobrez and Bertoglio, 2005). The EPM is a simple method for assessing the anxiety responses of rodents (Pellow et al., 1985; Walf and Frye, 2007). However, it may be considered an aversive test that induces moderate increases in stress hormone levels (Mendes-Gomes et al., 2011; Fodor et al., 2016). Based on these findings and taking into account that the luminosity conditions used in our study (90–100 lux) may have anxiogenic properties (reviewed in Violle et al., 2009), the test was used as a mild source of acute stress (Filgueiras et al., 2014) and to assess the possible relationship between the levels of various LPA species and behavioral performance. The EPM consists of two open arms (30 cm long × 5 cm wide; 90–100 lux) and two enclosed arms (30 cm long × 5 cm wide × 15 cm high walls; 25–30 lux) connected to a common central platform (5 cm × 5 cm) and is elevated 38.5 cm above the floor. For the test, animals were removed from the cage and placed at the junction of the open and closed arms, facing the open arm. At the end of the 5-min test, animals were removed from the EPM and placed in the home cage. Using a video tracking system (Ethovision XT, Noldus, Wageningen, Netherlands), the total time spent in each arm and the number of total arm entries were assessed. Additionally, an anxiety index was calculated using the following equation (Cohen et al., 2004; Contreras et al., 2014; da Costa Estrela et al., 2015) (1):
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This index, for which the values range from 0 to 1, integrates several variables evaluated in the EPM (Contreras et al., 2014). A score closer to 1 indicates greater anxiety-like behaviors.

Because the extremes of the open arms (distal ends) are the most anxiogenic region of the test, the time in seconds, the number of entries, the latency to the first distal end entry and the percentage of time that animals remain in the distal ends relative to the total time spent in the open arms were evaluated. Locomotion [distance traveled (cm)] and velocity (cm s - 1) were also recorded. Moreover, ethological patterns exhibited by the animals (freezing behavior, rearing, grooming, risk assessment, and head dipping) were scored by two researchers blind to animal identity, with an inter-rater reliability measures over 80%. Freezing was measured as time spent by the animal completely immobile during the EPM test. Grooming is one of the most frequently observed behaviors in awake rodents and it was assessed as repetitive, self-directed and sequentially patterned behaviors of hygiene and self-care. Risk assessment was defined as stretch-attend postures toward the open arms of the EPM. Head dipping time was measured as the seconds the mice spent protruding the head over the edge of the open arms (Nunes-de-Souza et al., 2002; Bibancos et al., 2007; Schneider et al., 2011, Sorregotti et al., 2013).

Restraint Stress

Animals were submitted to an acute stress procedure by restraint. Acute restraint is an uncontrollable stress condition that induces several emotional and autonomic responses (Reis et al., 2011). For this purpose, animals were placed in a 50 ml clear polystyrene conical centrifuge tube modified with air holes for ventilation (Castilla-Ortega et al., 2011; García-Fernández et al., 2012; Zimprich et al., 2014) for 1 h. After restraint procedure mice were placed back into their transport cages. Control mice remained undisturbed in their home cages.

LPA Extraction From Hippocampal Tissues

Ten minutes after completing the stress procedure or the behavioral test, all animals were decapitated. Brains were removed and the hippocampus was macrodissected, collected in a tube, drop-frozen in liquid nitrogen and subsequently stored at -80°C until further analyses of LPA species. The average wet weight of the isolated unilateral hippocampus from each mouse was approximately 10 mg of tissue weight.

Lysophosphatidic acid was extracted from the hippocampal tissues using a modified version of previously described methods (Tanaka et al., 2004; Morishige et al., 2010; Ma et al., 2013). First, the isolated hippocampus was resuspended in 200 μl of O-vanadate [100 mM] and EDTA [1 mM] and homogenized. Subsequently, 1 ml of acetone with 0.5 nmol of internal standard (17:0 LPA) was added. The resulting pellet was washed twice with 0.5 ml of acetone and dried under a nitrogen stream. Then, 380 μl of CHCl3, MeOH, and H2O (1:2:0.8) were added and centrifuged for 5 min for two repetitions. A solution of 0.4 ml of CHCl3, 0.4 ml of KCl, and 2 μl of ammonia (28%) was added to the supernatant. The mixture was centrifuged at 1300 × g for 5 min and the CHCl3 phase was removed. The aqueous phase was washed 4 times with a solution composed of 0.8 ml of CHCl3 and MeOH (17:3). Afterward, 50 μl of Phos-tag [1 mM] (Monoisotopic68Zn2+-Phos-tag (Phos-tag®) obtained from the NARD Institute Ltd. (Hyogo, Japan) and 0.8 ml of a CHCl3 and MeOH solution (17:3) were added. The mixture was centrifuged at 1300 × g for 5 min and the CHCl3 phase was collected. The aqueous phase was washed twice with 0.8 ml of the CHCl3 and MeOH solution (17:3). The CHCl3 phase was collected and dried under a nitrogen stream. Finally, the LPA product was dissolved in 100 μl of MeOH/NH4OH (0.1%).

LPA Analysis Using MALDI TOFMS

Tissue phospholipids were analyzed using an μtraflex MALDI-TOF mass spectrometer (MALDI-TOF MS) (Bruker Daltonics, Bremen, Germany). To this end, 1 μl was removed from 100 μl of LPA in a MeOH/NH4OH (0.1%) solution and mixed with 1 μl of a THAP solution (10 mg/ml) in acetonitrile. The mixture was spotted on an MALDI plate (Bruker Daltonics, Bremen, Germany). After drying, the sample was washed with water and dried again. Mass spectrometry was performed in the positive mode using an acceleration voltage of 25 kV. The laser energy was 30 –70% (3.0 – 7.0 μJ) with a repetition rate of 10 Hz. The mass spectra were calibrated externally using a peptide calibration standard (Bruker Daltonics, Bremen, Germany). Each spectrum was produced by accumulating data from 3000 or 6000 consecutive laser shots.

For calibration curves, LPA standards [16:0, 18:0, 18:1, 18:2, and 20:4, which were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL)] and an internal standard (17:0 LPA, purchased from Avanti Polar Lipids) were mixed at different molar ratios and dissolved MeOH/NH4OH (0.1%). Then, 50 μL of Phos-tag [1 mM] were added. The resulting mixture was analyzed using the aforementioned procedure for determining tissue phospholipid levels. The concentrations in hippocampal tissues were determined based on the ratio of the intensity of Phos-tag-linked LPA to the internal standard 17:0 LPA linked to Phos-tag using the equations for calibrations curves for all LPA standards. Since the level of 20:4 LPA in the hippocampus was below the detection limit, this species was not subjected to further analysis. Total LPA concentrations, which represents the sum of all LPA species determined, except for 20:4 LPA, were also calculated. Concentrations of LPA and LPA species are reported as pmol/mg of hippocampal tissue.

Additionally, lipid concentrations of each species were normalized to the concentration of all LPA species detected in the hippocampus (Oliveira et al., 2016) and the data are presented as the mean percentages (see equation 2). These values may be interpreted as reflecting the relative abundances of LPA species analyzed in the hippocampus to total LPA species.
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Corticosterone Experiment

Mice were decapitated 10 min after completing the behavioral test or the 1 h restraint procedure, and trunk blood was collected and allowed to clot to obtain serum samples. For the measurement of corticosterone levels, blood samples were centrifuged and the supernatant stored at -80°C. Serum corticosterone levels were measured using a commercially available enzyme immunoassay kit, with a sensitivity of ca. 27.0 pg/ml, according to the manufacturer’s instructions (Assay Designs/Stressgen, Ann Arbor, MI, United States).

Statistical Analysis

All results are presented as means ± SEM; p < 0.05 was considered statistically significant.

Behavioral Tests

The duration of behaviors exhibited by animals of both genotypes during the EPM were analyzed using Student’s t-test (t). Levene’s test was used to test the assumption of homogeneity of variance. Welch’s t-test (tw) was performed when two samples had unequal variances.

LPA Species Quantification

First, the impact of the LPA1 receptor deficiency on the LPA profile was assessed. Because the equality of variance was satisfied, Student’s t-test was used to examine differences for total LPA concentrations and the concentrations of every LPA species between WT and maLPA1-null mice.

One-way ANOVA followed by the post hoc Fisher’s least significant difference test (LSD) were used to assess the effects of stress on LPA species. Then, the effects of interaction between the LPA1 receptor deficiency and stress were examined using a factorial ANOVA with two factors: genotype (wt or maLPA1-null mice) and environmental treatment (control, EPM or restraint stress) followed by post hoc LSD analyses when required.

These analyses were performed for both the concentration and percentage of relative abundance.

Corticosterone Analysis

Differences in CORT levels between genotypes and environmental treatments (control, EPM and restraint stress) were analyzed using a factorial ANOVA and post hoc Fisher’s least significant difference (LSD) analysis.

Principal Component Analysis

A principal component analysis (PCA) was subsequently performed on the hippocampal LPA species concentrations and behaviors exhibited by animals in the EPM to obtain insights into the LPA species that were associated with behavioral performance. This analysis allowed us to characterize the lipid profile associated with behaviors by reducing the full, multidimensional set of LPA species data to a smaller set of dimensions underlying behavior.

We used the Kaiser-Meyer-Olkin (KMO) test to test whether the PCA met the statistical adequacy criteria (Balaban et al., 2014). Then, because the component or factor scores represent the relative contribution or weight of each loading pattern for each case, Student’s t-test was used to determine differences in each loading pattern between WT and maLPA1-null mice.

Only probabilities of p ≤ 0.05 were considered significant. For clarity and brevity, only relevant results from these statistical analyses are reported.

RESULTS

Behavioral Test

In the EPM, maLPA1-null mice showed an anxiogenic phenotype, consistent with previous reports (Figure 2). The maLPA1-null mice spent significantly less time in the open arms [t(11) = 2,68; p ≤ 0.05] (Figures 2B,C) and showed a reduced number of open arm entries [t(11) = 4,74; p ≤ 0.0001]. In fact, a significantly higher anxiety index was observed in mice lacking the LPA1 receptor [t(11) = -2,82; p ≤ 0.01] (Figure 2D). Moreover, maLPA1-null mice exhibited fewer entries in the distal end [t(11) = 3.53; p < 0.005], a longer latency to the first distal end entry [t(11) = -2.54; p < 0.05] and spent less time in the distal ends relative to the total time spent in the open arms [tw(11) = 4.18; p < 0.005]. Distance traveled [t(11) = -3.95; p ≤ 0.005], average velocity [t(11) = 4.10; p ≤ 0.001] and total number of entries [t(11) = 3.53; p < 0.005] in the EPM were also reduced in maLPA1-null mice, indicating, as previously observed (Santin et al., 2009), less exploratory activity than WT animals. However, the time spent in the open and closed arms did not correlate with the distance traveled by any genotype (r = -0.55; p > 0.5 and r = 0.41; p < 0.05 for open and closed arms, respectively, in WT mice and r = -0.15; p > 0.05 and r = 0.21; p > 0.5 for open and closed arms, respectively, in maLPA1-null mice). Regarding ethological parameters, the lack of the LPA1 receptor induced a significant increase in the risk assessment behavior [tw(11) = -3.67; p ≤ 0.01] and decreased head dipping [tw(11) = 3.80; p ≤ 0.001] and rearing behaviors [tw(11) = 3.04; p ≤ 0.005]. The maLPA1-null mice also spent more time freezing and less time grooming, but the differences were not statistically significant [t(11) = -1.74; p = 0.10 and t(11) = 0.70; p = 0.13] for freezing and grooming, respectively (Figure 2).
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FIGURE 2. Behavioral test using the EPM. (A) Composite map of all paths traveled during the EPM test by each genotype. The maps are presented as “heat maps” indicating mean dwell times according to a color code. Warmer colors indicate high dwell times in the different compartments of the EPM and cooler colors indicate low dwell times. (B) Percentage of time spent in the EPM divided by percentage of time spent in the open arms, closed arms and center. (C) Time spent in the open arm. (D) Anxiety index. (E) Number of entries in the distal ends relative to the total number of entries in the open arms. (F) Percentage of time animals remained in the distal ends relative to the total time spent in the open arms. Ethological parameters: (G) freezing, (H) rearing, (I) head dipping, (J) risk assessment, (K) grooming, (L) distance traveled in the maze, (M) velocity, and (N) number of entries into each arm. ∗p < 0.05, ∗∗∗p < 0.0005 maLPA1-null mice with respect to WT animals.



LPA Species Quantification

The LPA1 receptor deficiency did not induce changes in the total LPA concentrations [t(8) = -0.12, p > 0.05] (Figure 3A) or the concentrations of any LPA species examined in the hippocampus [t(8) = 0.76, p > 0.05; t(8) = -0.7, p > 0.05; t(8) = 1.7, p > 0.05; t(8) = -0.96, p > 0.05 for 16:0; 18:0; 18:1, and 18:2 LPA, respectively] (Figure 3B). Regarding the percentage of relative abundance, the hippocampus of maLPA1-null mice presented only minor alterations, with increased levels of 18:0 LPA [t(8) = -3.51, p = 0.007], but not inducing changes in the percentage of relative abundance of any of the other species assessed [t(8) = 0.20, p > 0.05; t(8) = 0.5, p > 0.05; t(8) = 0.12, p > 0.05; t(8) = 0.36, p > 0.05 for 16:0; 18:0; 18:1, and 18:2 LPA, respectively] (Figure 3C). In both WT and maLPA1-null mice, 18:0 LPA was the most abundant LPA species in hippocampus. The second most abundant LPA species was 18:1 LPA. Notably, 20:4 LPA was the least abundant hippocampal species in both genotypes, causing a detection error, and thus it was not subjected to any further analyses (Figure 3B). Based on these data, the LPA1 receptor deficiency is not associated with major changes in the lysophopholipid profile in the hippocampus.
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FIGURE 3. Hippocampal LPA concentrations in both WT and maLPA1-null mice. No differences in the hippocampal concentrations of (A) total LPA and (B) LPA species were observed between genotypes. (C) The LPA receptor deficiency slightly modified the LPA profile by altering the percentage of relative abundance of 18:0 LPA (∗p ≤ 0.05 maLPA1 compared with WT mice). LPA 16:0; 18:0; 18:1, and 20:4 species [palmitic acid (16:0) and stearic acid (18:0)] [oleic (18:1), linoleic (18:2), and arachidonic acids (20:4)].



Nevertheless, upon exposure to restraint stress, we observed a gross perturbation in the concentrations of both total LPA and LPA species in the hippocampus (Figures 4A,B). One-way ANOVA revealed effects of stress on the total LPA concentration [F(2,12) = 11.66, p ≤ 0.01] and the concentrations of all LPA species examined [F(2,12) = 12.09; p ≤ 0.001 for 16:0 LPA; F(2,12) = 14.03; p ≤ 0.001 for 18:0 LPA; F(2,12) = 13.16; p ≤ 0.001 for 18:1 LPA F(2,12) = 9.83; p ≤ 0.005 for 18:2 LPA]. The post hoc analysis showed an increase in the total LPA and LPA species concentrations following restraint stress (LSD; p ≤ 0.05). However, behavioral stress (EPM) only affected the concentration of the 18:2 LPA species (LSD: p = 0.02). Regarding the effects of stress on the percentage of relative abundance, stress altered the hippocampal LPA profile by significantly increasing the relative abundance of 18:2 LPA [F(2, 11) = 52.90; p ≤ 0.0001; LSD p ≤ 0.005]. Nevertheless, restraint stress did not alter the hippocampal LPA profile (LSD; p > 0.05) (Figure 4C). Taking into account all data, restraint stress induced important changes in the hippocampal LPA concentrations (Figures 4A,B). However, EPM modified the relative LPA species abundance (Figure 4C).
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FIGURE 4. Effects of stress on hippocampal LPA concentrations. Restraint stress produced profound changes in (A) the hippocampal concentrations of total LPA and (B) all LPA species examined. (C) Restraint stress did not affect the percentage of relative abundance, but the EPM modified the profile of LPA species analyzed in the hippocampus. ∗∗p ≤ 0.001 and ∗∗∗p ≤ 0.0005 compared with the control group; ##p ≤ 0.001 and ###p ≤ 0.0005 compared with the EPM; $$$p ≤ 0.0005 compared with restraint stress. LPA 16:0; 18:0; 18:1, and 20:4 species [palmitic acid (16:0) and stearic acid (18:0)] [oleic (18:1), linoleic (18:2) and arachidonic acids (20:4)].



Because maLPA1-null exhibit an increased vulnerability to stress (Castilla-Ortega et al., 2011), the effects of both stress and the LPA1 receptor deficiency on the hippocampal LPA profile were examined (Figure 5). A genotype x stress effect was observed on the total LPA concentration (F (2,27) = 3,77, p ≤ 0.05) and in the concentrations of the 16:0 [F(2, 27) = 3.87; p ≤ 0.05] and 18:0 LPA species [F(2, 27) = 4.47; p ≤ 0.05]. The post hoc analysis revealed significant increases in the total LPA concentration in both genotypes following restraint stress (p ≤ 0.00001 WT mice with restraint stress versus WT mice under control conditions and WT mice subjected to the EPM; p ≤ 0.05 maLPA1-null mice versus maLPA1 mice under control conditions and maLPA1 mice subjected to the EPM). However, restraint stress exerted a far greater effect on WT mice than on maLPA1-null mice (p ≤ 0.01 WT mice compared with maLPA1-null mice) (Figure 5A). Restraint stress also modified the concentrations of LPA species. Thus, this procedure induced a significant increase in the 18:0 LPA concentration in both WT and maLPA1-null mice compared with the control group and the group of mice in which stress was induced by the EPM. However, in the WT animals, a significantly greater effect of restraint stress was observed than in maLPA1-null mice (LSD: p ≤ 0.05). An effect of stress on the concentration of 18:1 LPA was observed [stress effect: F(2, 26) = 21.45; p ≤ 0.0005]. The LPA 16:0 concentration was also affected by restraint stress, but only in WT animals, which showed a significantly higher level of this species than maLPA1-null mice. (LSD: p ≤ 0.001). In both WT and maLPA1-null mice, the EPM led to significant alterations in the 18:1 LPA concentration (LSD: p ≤ 0.05) (Figure 5B).
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FIGURE 5. Effects of stress and the LPA1 receptor deficiency on hippocampal LPA concentrations. Stress exerted the greatest effects on (A) the hippocampal concentrations of total LPA and (B) LPA species in WT mice than in maLPA1-null mice. (C) Regarding the percentage of relative abundance, the effects of stress were only observed on LPA 18:1 and LPA 18:2. (D) Graphic representation of the percentage of relative abundance. ∗∗∗p ≤ 0.0005 compared with the control; ###p ≤ 0.0005 compared with the EPM; $p ≤ 0.05 and $$$p ≤ 0.0001 compared with maLPA1-null mice. ∗p ≤ 0.05 compared with control groups. LPA 16:0; 18:0; 18:1, and 20:4 species [palmitic acid (16:0) and stearic acid (18:0)] [oleic (18:1), linoleic (18:2), and arachidonic acids (20:4)].



Considering the normalized lipid concentration, no interaction effects (genotype x stress) were observed on any of species examined. Stress affected the normalized lipid concentrations of both 18:1 [F(2, 24) = 10.85; p ≤ 0.005] and 18:2 LPA species [F(2, 24) = 3.42; p ≤ 0.05] (Figures 5C,D).

CORT Levels

The analysis of plasma corticosterone levels did not reveal any significant differences between genotypes at baseline, after EPM and after restraint stress. However, in WT and maLPA1-null mice, restraint stress significantly increased corticosterone levels [F(2,27) = 13.62; p ≤ 0.0005; LSD p ≤ 0.005 for the comparisons of restraint stress with the control and EPM] (Figure 6A).
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FIGURE 6. Corticosterone levels in WT and maLPA1-null mice. No differences were observed between WT and maLPA1-null mice under any of three environmental conditions. Restraint stress induced a significant increase in CORT levels in both genotypes. ∗∗∗p ≤ 0.0005 restraint stress compared with the control and EPM.



Relationship Between LPA Species and EPM Outcomes

A PCA was performed to study the relationships among the hippocampal LPA species and behaviors exhibited by animals in the EPM (Figure 7). PCA with variance-maximizing (varimax) rotation revealed a 3-component solution accounting for 83% of the total variance. Strong positive correlation between the LPA 18:0 and 18:1 levels with freezing behaviors and negative correlations with distance traveled (factor 1, which was named “fear”) were observed. A positive correlation was observed between the levels of 16:0 LPA with the anxiety index and a negative correlation with time spent in the distal end (factor 2, which was named anxiety). Finally, the levels of 18:0 LPA were negatively correlated with distance (factor 3, which was named exploration) (Figure 7A). Not surprisingly, the distance traveled exhibited correlations in two factors. In this sense, increased freezing behavior, which indicates increased fear, is related to reduced locomotion. Moreover, the distance traveled is an important parameter of locomotion. Finally, factor scores were calculated and compared between genotypes. The maLPA1-null mice showed more fear and anxiety and less exploration than WT mice, but only a tendency toward significance was observed in factor 2 (anxiety) (t11 = 1.92; p = 0.08) (Figure 7B).
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FIGURE 7. (A) Principal component analysis of anxious behaviors and measures of LPA species. Interpretable factor loading values are shown in bold. Variables with a negative score are inversely correlated with the factor. Rotation method: varimax with Kaiser normalization. The rotation converged in 3 iterations. KMO = 0.53; χ = 63.07; p ≤ 0.001. (B) Factor scores were calculated and compared between genotypes. PC scores were calculated by regression method in the principal component analysis and represent the loading in each factor. The maLPA1-null mice showed a higher score for the anxiety factor than WT mice (p = 0.08).



DISCUSSION

Here, we have characterized the effects of genetic manipulation and exposure to different environmental stresses, such as EPM and restraint stress, on hippocampal levels of LPA species. The classical version of EPM or restraint were used to determine the effect of moderate or more intense acute stress on the hippocampal LPA profile. Additionally, the possible roles of different hippocampal LPA species in behavior have been determined.

Lysophosphatidic acid is an important signaling molecule in the brain that is involved in multiple physiological actions and pathophysiological conditions (Fukushima et al., 2001; Tigyi and Parrill, 2003; Aoki, 2004; Ishii et al., 2004). The biological functions of LPA species are associated with specific G protein-coupled receptors named LPA1-6 (Choi and Chun, 2013). These receptors are expressed in the brain and may be involved in emotional behavior, particularly the receptors LPA1 (Santin et al., 2009; Castilla-Ortega et al., 2011; Pedraza et al., 2014; Moreno-Fernández et al., 2017, 2018a,b); LPA2 (Schneider et al., 2018); LPA3 (Uchida et al., 2014; Ueda et al., 2018) and LPA5 (Callaerts-Vegh et al., 2012; Tsukahara et al., 2018). The involvement on emotional regulation of the LPA1 receptor, through which lysophosphatidic acid signals, has been the most widely investigated (Santin et al., 2009; Castilla-Ortega et al., 2011; Pedraza et al., 2014; Moreno-Fernández et al., 2017, 2018a,b). LPA species containing both saturated and unsaturated long chain fatty acids (e.g., C16 and C18) are able to activate LPA1 receptors (Bandoh et al., 2000). However, surprisingly, the LPA1 receptor deficiency did not induce gross perturbations in the hippocampal LPA concentrations. In contrast to LPA3-null mice (Ma et al., 2009), “de novo” production of LPA (or converted LPA) was not absent in LPA1-null mice. In fact, the hippocampal LPA levels in maLPA1-null mice were similar to those observed in WT animals. The LPA3 receptor is an important determinant of LPA synthesis (Ma et al., 2009). The LPA2 receptor, although to a lesser extent, might also contribute to LPA production (Zhao et al., 2009). However, at least in the hippocampus, the LPA1 receptor does not seem to play a crucial role in LPA synthesis. However, since the hippocampal LPA pattern is slightly modified in maLPA1-null mice, with a significant increase in the concentration of saturated 18:0 LPA, a reasonable hypothesis is that the LPA1 receptor deficiency may modify the catalytic activity of phospholipase A1 (PLA1) and phospholipase A2 (PLA2), which are responsible for producing saturated LPA species. However, other pathways have not been excluded. Undoubtedly, the LPA1 and LPA3 receptors may have different key roles in the amplification of LPA production (Ma et al., 2009), based on the data obtained from measurements of LPA concentrations following the deletion of both the LPA1 and LPA3 receptors and supported by the findings from the present study in maLPA1-null mice.

However, stress, particularly the most intense protocol of stress, i.e., restraint, increased the total hippocampal LPA concentration and produced profound changes in LPA species, revealing that hippocampal LPA is a key target of stress. Thus, although EPM increased the concentration of the 18:2 LPA species, restraint stress substantially affected all the LPA species examined. For this reason, the profile was not altered after restraint stress; however, the EPM modified the LPA pattern in the hippocampus. In this group, the percentage of the relative abundance of 18:2 LPA was significantly higher than the control group. The effects of stress were also observed on maLPA1-null mice in the same direction as WT animals. However, the changes were less dramatic in maLPA1-null mice than in WT animals. Because control mice remained undisturbed in their home cages and unlike stressed animals, were not exposed to handling, which most likely is stressful, enable us to isolate the effect of stress in hippocampal LPA profile. On the other hand, although the forced exposure to open arms, a good procedure to study the effect of acute stress in mice (Neumann et al.), the classic version of EPM, is a more appropriate procedure to determine the effect of moderate acute stress on the hippocampal LPA profile in maLPA1-null mice because the behavioral response exhibited by the animals of this genotype in aversive test is exaggerated, similar to the panic-like reaction (Pedraza et al., 2014; Moreno-Fernández et al., 2017).

Because chronic stress alters the expression of lipids modifying enzyme in brain regions susceptible to the negative effects of stress (Patel et al., 2009), we postulated that the increased hippocampal levels of LPA induced by restraint stress may be due to changes in the expression and/or activity of autotaxin (ATX), which strongly correlate with LPA concentrations (Watanabe et al., 2007; Nakamura et al., 2008). Some of the most consistent consequences of stress are altered activity of the hypothalamus-pituitary-adrenal (HPA) axis and increased CORT levels (Sapolsky et al., 1985; McEwen et al., 1999; Kofman, 2002; Boettcher et al., 2017). A significant increase in CORT levels was observed in both genotypes after restraint stress, although, surprisingly, no differences were observed between genotypes after exposure to acute stress, as previously described (Pedraza et al., 2014). Differences in the experimental procedure probably explain the apparent inconsistencies between studies, (i.e., 30 vs. 60 min of restraint and 0 vs. 10 min elapsed between restraint stress and blood collection). Plasma corticosterone levels progressively decrease over time after restraint stress (Uchida et al., 2010; Shafiei et al., 2012). Because the addition of dexamethasone, a synthetic analog of CORT, to cells in culture increases the levels of the ATX mRNA and protein, and secretion of this enzyme (Honjo et al., 2018), an increase in CORT levels may increase ATX levels and its enzymatic activity. Moreover, after the EPM, the hippocampal LPA profile, but not the LPA levels, was modified. Although ATX may be involved in the mechanism underlying the observed differences, no changes in CORT levels were observed in animals subjected to the EPM and thus an additional pathway might also be involved (Tanaka et al., 2006; Van Meeteren et al., 2006) and may explain the limited increase in LPA levels in WT mice compared with restraint stress.

Additional studies are needed to clarify the underlying mechanisms responsible for the increase in LPA concentrations after restraint stress and the modified profile induced by the EPM. Undoubtedly, metabolic alterations in hippocampal LPA species occur after acute stress, particularly restrain stress, leading to a cascade of molecular events within this stress-responsive brain region. One of this events critical for proper control of the stress system is the balance between excitatory and inhibitory inputs (Kim, et al., 2016). Because LPA is involved in a proper excitation-inhibition balance (García-Morales et al., 2015), an increase in the concentrations of LPA may be involved in the translation of stress effects.”

As expected, the LPA1 receptor deficiency conferred an anxiogenic phenotype in the EPM (Santin et al., 2009; Castilla-Ortega et al., 2010; Moreno-Fernández et al., 2017, 2018a). As observed in previous studies, an increased anxiety index and low activity (Santin et al., 2009; Castilla-Ortega et al., 2010), together with a lower percentage of maLPA1-null mice (62% vs. 100% of WT) that entered the distal ends of the open arms and less time spent in the open arms and in the distal end indicates enhanced anxious-like behaviors. Coincidentally, maLPA1-null mice exhibited increased freezing, that may explain the reduced locomotor activity, and risk assessment behaviors and reduced rearing and head dipping behaviors that may indicate emotional hyperreactivity (Pedraza et al., 2014; Moreno-Fernández et al., 2017, 2018a). However, while the participation of the LPA1 receptor in anxiety is an established fact, researchers have not determined whether relationships exist among LPA species and anxiety parameters. Moreover, few insights into the effects of the administration of LPA or an agonist of LPA receptors on mood-related impairments have been obtained (Castilla-Ortega et al., 2014; Kim et al., 2017), and the evidence is inconclusive. Therefore, a pertinent question may be whether the behavioral performance in emotion-related tasks, such as the EPM, is associated with changes in the hippocampal concentrations of LPA species. As described above, the EPM modified the hippocampal LPA profile. Therefore, a PCA was performed to study the possible relationships among hippocampal LPA species and behavioral performance on the EPM. Fear behaviors were related to the hippocampal levels of LPA 18:1 and 18:2. Interestingly, these species were also the two hippocampal species whose percentage of relative abundance exhibited the greatest changes after the EPM. Anxiety was related to LPA 16:0 levels. In contrast, locomotion was associated with the concentration of 18:0 LPA species. However, unsurprisingly, the distance load in the two-factor analysis (1 and 3) was altered, because freezing behavior also has a locomotor component. Increased freezing involved reduced movement and was associated with the concentrations of 18:1 and 18:2 LPA. Validation in pharmacological studies is necessary to assess the contributions of the hippocampal LPA species to the regulation of emotion. Only one study may provide insights into the role of the 18:1 LPA species in behavior. Thus, although our observations are not completely comparable with previous studies, since the administration of LPA 18:1 to rats induced hypolocomotion in the open field (Castilla-Ortega et al., 2014), the levels of this LPA species may be important for controlling locomotion and high emotional arousal. Further studies are needed to determine whether changes in LPA species explain some components of emotional behavior. Moreover, the low N used in the present study is a limitation. Future research increasing number of animals and using different experimental approaches may provide stronger evidence of causality between changes in LPA species and behavior.

Nevertheless, the present study provides insights into the links between stress, anxiety and LPA species.

To the best of our knowledge, this study is the first to detect, identify and profile LPA species in the hippocampus of both LPA1-receptor null and WT mice. Moreover, the effect of acute stress on the hippocampal concentrations of LPA species and the possible relationships of these lipids with behavior have been explored for the first time. The LPA1 receptor deficiency did not disturb the levels of LPA species, but slightly modified the profile. In contrast, stress, particularly the most intense procedure used, significantly altered the hippocampal LPA levels. Finally, the emotional stress inherent in the EPM modified the LPA profile, and relationships among LPA species and behavioral outcomes were established, as the levels of 16:0 LPA in the hippocampus were associated with anxiety, 18:1 and 18:2 LPA levels were associated with fear and 18:0 levels were associated with locomotion. The hippocampal LPA species may be a key pharmacological target to mitigate the effects of stress on the hippocampus and emotional behaviors that are involved in psychopathological conditions, such as anxiety.
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